We used Raman and terahertz spectroscopies to investigate lattice and magnetic excitations and their cross-coupling in the hexagonal YMnO3 multiferroic. Two phonon modes are strongly affected by the magnetic order. Magnon excitations have been identified thanks to comparison with neutron measurements and spin wave calculations but no electromagnon has been observed. In addition, we evidenced two additional Raman active peaks. We have compared this observation with the anti-crossing between magnon and acoustic phonon branches measured by neutron. These optical measurements underly the unusual strong spin-phonon coupling.
I. INTRODUCTION
Multiferroics combine two or more of the properties of (anti)ferromagnetism, ferroelectricity and ferroelasticity that can be coupled. The coupling between the magnetic and ferroelectric order parameters leads to magnetoelectric effect and the possibility to control magnetization by an electric field and vice versa.
1,2 These materials are currently the subject of intensive investigations both because of the interesting physics involved and their potential applications in data storage, spintronics and sensors. [3] [4] [5] Among the multiferroic materials, RMnO 3 manganites have attracted a great deal of attention due to the significant coupling between the magnetic and electric order parameters. In orthorhombic manganites the magnetic frustrations leads to spin lattice coupling induced by the inverse DzyaloshinskiMoriya interaction 6, 7 whereas in hexagonal manganites the ferroelectric and magnetic orders are not induced by the same interaction [8] [9] [10] . YMnO 3 is one of the most studied hexagonal manganites due to evidences of the strong interplay between the magnetic and ferroelectric order. The dielectric constant reveals clear anomalies at the Néel temperature (T N ) and the electric moment is enhanced below T N . [11] [12] [13] [14] At the magnetic transition, large atomic displacements have been measured by diffraction techniques which reflects a strong magneto-elastic coupling. 15 In addition, the coupling between magnetic and ferroelectric domains has been imaged by optical second harmonic technique. 16 Various experiments as thermal conductivity or Raman scattering have shown an unusually strong spin-lattice coupling in this compound. [17] [18] [19] More recently, polarized inelastic neutron scattering measurements have evidenced a hybrid boson mode in YMnO 3 . 20, 21 All these measurements illustrate the crucial role played by the strong coupling between lattice, electric and magnetic degrees of freedom.
In this article, we used Raman and teraHerz (THz) spectrocopies to shed light on the spin-lattice coupling in the h-YMnO 3 multiferroic. The phonon mode of the apical oxygen atom is affected by the magnetic transition showing that super-superexchange Mn-Mn interaction is involved in the stabilization of the three dimensional magnetic structure. The phonon mode associated to the apical yttrium ion is also sensitive to the magnetic order underlying the role of the magneto-elastic coupling between R and Mn ions in the h-RMnO 3 compounds. We provide evidence of a strong coupling between magnon and phonon modes resulting in an anti-crossing between the dispersion of the acoustic phonon modes polarized along the ferroelectric axis and the magnon branches.
II. EXPERIMENTAL DETAILS
YMnO 3 crystallizes in the hexagonal symmetry (P6 3 cm) with lattice parameters equal to a = 6.15Å and c = 11.40Å, even if the exact crystalline and magnetic structures are still under debate 37 . This compound is formed by stacked Mn-O and Y-O layers as shown in Fig. 1 . The Mn ions are surrounded by three in-plane and two apical oxygen ions and form two stacked triangular lattices. The ferroelectric order appears below T C ≈900 K resulting from the tilting of the MnO 5 bipyramides with the buckling of the Y-O planes. The polarization is along the c axis. As a result, the oxygen ions move closer to the yttrium atoms giving rise to staggered ferroelectric moments. YMnO 3 becomes antiferromagnetic below the Néel temperature T N =72 K. The Mn magnetic moments order in 120 o arrangements within the Γ 1 irreductible representation as determined by neutron diffraction measurements 32, 33 . Magnetic frustration arises from the competition of the first neighbor antiferromagnetic interactions J 1 between the Mn 3+ spins in the triangular lattices (Fig. 1) .
YMnO 3 single crystals have been grown using the standard floating zone technique. Several mm size plaquettes have been used with the c axis either in or perpendicular to the plaquette surface. The crystals have been polished to obtain high surface quality for Raman measurements while thickness of 600 µm have been used for transmission THz measurements.
Raman spectra were recorded in a backscattering geometry with a triple spectrometer Jobin Yvon T64000 coupled to a liquid-nitrogen-cooled CCD detector using the 514 excitation line from a Ar + -Kr + mixed gas laser. The resolution of the excitation mode frequencies is less than 0.5 cm −1 . Temperature measurements have been performed using an ARS closed-cycle He cryostat and the magnetic field measurements using an Oxford Spectromag split-coil magnet. THz absorbance spectra were obtained by measuring the transmission at the AILES (Advanced Infrared Line Exploited for Spectroscopy) beamline of Synchrotron SOLEIL. 22 A Bruker IFS125 interferometer equipped with a pulse tube cryostat was used, combined with a Helium pumped bolometer. The 10-60 cm −1 energy range was explored at a resolution of 0.5 cm −1 using a 6 µm thick silicon-mylar multilayered beamsplitter. The absolute absorbances were determined by measuring the transmission through a 2 mm diaphragm as a reference and the sample transmission through that same diaphragm.
III. RESULTS AND DISCUSSION

A. Lattice excitations
The group theoretical analysis for the Γ-point phonon modes of hexagonal (P6 3 cm) YMnO 3 gives 60 phonon modes at the Γ-point: 10A 1 + 5A 2 + 10B 1 + 5B 2 + 15E 1 + 15E 2 and 38 of these modes are Raman-active 23 :
Our measurements have been performed in backscattering configuration with the incident wave vector of the light anti-parallel to the scattered wave vector. Pure E 2 modes are obtained using z(xy)z geometry 24 (corresponding to the backscattering configuration along the z-axis with polarization of the incident and scattered light along the x-axis and the y-axis respectively). The A 1 modes are deduced from parallel polarizations with the z(xx)z configuration giving the A 1 (TO) + E 2 modes. Figure 2 shows the Raman spectra measured on hYMnO 3 single crystals with z(xx)z and z(xy)z scattering configurations. We have identified 7 A 1 modes and 9 E 2 modes. The frequencies of the phonon modes at 10 K are reported in Table I Normalized wave number (ω/ω(10K)) associated atomic displacements.
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Figures 3(a) and (b) show the normalized frequencies and the normalized intensities (over the values at 10 K) of several A 1 and E 2 modes. The phonon frequencies usually tend to soften due to the dilation of the unit cell when temperature increases. Except for the E 2 mode at 309 cm −1 , all frequencies are higher at low temperatures. This mode is associated to the relative displacement of the apical oxygen ions along the c direction.
23 It modulates the Mn-O-O-Mn bond and, hence, the super-superexchange Mn-Mn interaction between the adjacent Mn planes. Remember that the dominant magnetic interaction is the Mn-O-Mn antiferromagnetic superexchange within the planes whereas the Mn-O-O-Mn superexchange between neighboring planes is weaker by 2 orders of magnitude 14, 20 . However, this latter interaction is involved in the stabilization of the three dimensional magnetic ordering below T N .
The A 1 mode at 164 cm −1 in Fig. 3 (a) presents a frequency shift beyond the mean behavior of the other modes with a change of slope around the Néel temperature : a hardening at the magnetic transition followed by a softening at lower temperature. This mode is related to the relative displacement of the apical yttrium ions along the c direction. The measurements of the lattice parameters using high-resolution neutron diffraction have shown that the position of the Y 2 atoms along the z direction drops from 0.230 at 300 K to 0.2297 at 80 K just above T N .
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In Fig. 3(b) the intensity of the A 1 mode at 279 cm −1 strongly increases above T N and decreases below in contrast to the intensity of the other modes. This mode is associated to the displacement of Mn ions in the a-b plane along the x axis. It has been already shown that at T N h-YMnO 3 undergoes an isostructural transition with exceptionnaly large atomic displacement. In particular, the atomic displacement of the Mn ions is about 0.05-0.09Ȧ which is comparable to the values reported for prototype ferroelectric compounds. 15 The Mn ions shift away from the ideal of x=1/3 and the inplane Mn-Mn superexchange interaction is modified. Moreover the Mn-O bonds are no more equivalent (short one and long one) leading to the strong magneto-elastic coupling observed at T N . Therefore, the unusual frequency behavior of the A 1 modes around the Néel temperature is a fingerprint of the spin-phonon coupling in the magnetically-ordered phase.
B. Magnetic excitations
Magnetic excitations have been probed thanks to Raman as well as THz spectrocopies. Figure 4 presents the measured THz spectra at 6K for all different orientations of the THz electric and magnetic fields with respect to the crystal c-axis. One single excitation (labeled M 2 ) is clearly observed at 41.5 cm −1 whenever the THz magnetic field h is perpendicular to the c-axis, that is to say for e//c h⊥c and e⊥c h⊥c while nothing occurs for e⊥c h//c (with e the electric field of the electromagnetic wave). It is therefore a magnetoactive excitation with h⊥c as already reported in Ref. 35 . Its temperature dependence is given in Fig.5 . Increasing the temperature has dramatic effect on M 2 : this excitation broadens and disappears above 60 K (below T N ), giving a clear indication that M 2 is a magnon associated to the magnetic order. Figure 6 shows the low frequency Raman spectra measured on a single crystal at 7 K with two polarization configurations. Five peaks are detected: M 0 = 7.5 cm −1 , M 1 = 21 cm −1 , M 2 = 43 cm −1 , P 1 = 30.6 cm −1 and P 2 = 35.4 cm −1 . All these peaks disappear above T N ( Fig. 8(a) ) and are therefore connected to the magnetic order. Quite surprisingly, only one excitation, M 2 , is observed both in Raman and THz experiments while the remaining ones are only Raman active. To understand the origin of these different observed excitations and their THz/ Raman activity, we now compare our results with those of neutron diffraction and spin wave calculations. Inelastic neutron scattering measurements and their analysis have been reported previously 20, 34, 36 . Three different branches are observed for the magnons, that have been modelled using a Heisenberg spin hamiltonian with one or two antiferromagnetic interactions in the triangular planes and two interactions from one plane to the other. Planar and easy axis anisotropies have been included. Note that both THz and Raman measurements can probe magnons at the zone center but with different selection rules and spectral weight. Magnetic excitations probed by neutron and THz measurements can be directly compared at the zone center since the interaction mechanism is the same: it is the magnetic interaction (between the magnetic moments in the sample with the one carried by neutron for the former, with the THz uniform magnetic field for the later). For Raman measurements, the interaction process is indirect (via spin-orbit coupling), so that the magnons energy should coincide at the zone center or equivalent point in the reciprocal space, with no simple correspondence regarding their spectral weight. Note also that the optical measurements have a much better energy resolution than those with neutrons. Clearly, the numerous peaks, quite close in energy, observed in the optical spectroscopies, claim for more refined spin wave calculations. We have calculated the spin waves dispersion and spectral weight associated to the magnetic order within the Γ 1 irreducible representation in the linear approximation, taking into account the isostructural distortion occurring below T N 15 . We used the same spin Hamiltonian as described in Ref. 20 taking care that the Mn position in the triangular plane is shifted from the ideal 1/3 position to 0.03423 :
where − → S R,i denotes the spin at magnetic site i in the cell R, − → n i is its mean direction unitary vector, J R,i,R ,j describes the exchange interactions, while H and D correspond to easy-axis and easy-plane anisotropies, respectively. These parameters are refined using the inelastic neutron scattering measurements reported in Ref. 20, 34, 36 and for more precision, our optical measurements (Raman and THz).
The best fit was achieved with the following exchange interactions (see Fig. 1 ): J 1 = 2.45 meV is the average antiferromagnetic interaction in the triangular planes; J z1 − J z2 = 0.018 meV is an effective interaction where J z1 and J z2 are the antiferromagnetic interplane interactions relative to the two different Mn-Mn interplane distances. As regards the anisotropies, we found D = 0.48 meV for the easy-plane anisotropy that pushes the spins perpendicular to the c-axis and H = 0.0008 meV the weaker easy-axis anisotropy within the easy plane. The results are plotted in Fig. 7(a) for all the spin components, Fig. 7(b) and (c) for spin components perpendicular and parallel to the c-axis. Three branches are generated with the following gaps at the zone center (0 0 0) or equivalent point (0 1 0): 2, 21 and 42 cm −1 . Note the exchange of spectral weight when one moves along the (0 k 0) Brillouin zone direction. For instance, at the zone center (0 0 0), only one excitation with a finite energy around 42 cm −1 has no vanishing spectral weight. This is the only excitation observed in THz measurements, (M 2 ), with the correct selection rule, h⊥c, for spin components perpendicular to the c-axis.
Spectral weight and selection rules being different for Raman spectroscopy, there, all the three gaps are evidenced. Notice that, the z(xy)z configuration probes the magnon modes of the Mn 3+ magnetic structure perpendicular to the c-axis whereas the magnon mode in and out the (a,b) planes are measured using the z(xx)z configuration. The energies of M 1 and M 2 excitations measured in Raman spectroscopy are in very good agreement with the spin wave calculations, whereas for M 0 some discrepancy persits.
To compare with more accuracy the Raman and neu- tron data, the normalized values of the M 2 peak as a function of the temperature are reported in Fig. 8(b) in addition to the associated spin gap energy measured by neutron scattering 21 and Thz spectroscopy 35 and the calculated energy gap. The temperature evolution of the spin excitation observed by Raman scattering is in good agreement with the behaviour of the magnetic moment of the Mn 3+ ions. The calculated gap energy is given by : E gap = 2S √ DJ 1 . S follows the temperature behaviour of the magnetic moment measured in Ref. 33 .
Within these calculations, we explain the THz and Raman results for M 1 , and M 2 . Clearly, there is no spin wave contribution that can explain P 1 and P 2 . We now turn to possible lattice contribution. Notice that, no optical phonon mode is expected under 70 cm −1 . Polarized inelastic neutron scattering measurements have reported the observation of a hybrid Goldstone mode 21 . This hybridized mode results from the resonant interaction between an acoustic phonon branch and a magnon which is quite different from the hybrid modes called electromagnons resulting from the coupling between magnetic and optical phonon excitations. The THz absorbtion measurements are able to reveal electromagnons at the zone center. Whereas conventional magnetic excitations are excited by the magnetic field component h of the THz wave, electromagnons appear as magnetic resonances excited by the THz electric field e. In Fig. 4 , there is no additional peak or modification as a function of the THz electric field and the only peak observed at 42 cm as expected for a pure magnetic excitation. From these measurements, it is clear that there is no evidence for electromagnons at the zone center in h-YMnO 3 . We now can come back to the P 1,2 peaks in the Raman spectra of Fig. 6 . Based on our spin wave calculations, these excitations do not correspond to a one magnon process at the Brillouin zone center (Fig. 7(a) ). To explain the origin of these peaks, several scenarii can be put forward:
(1) the large phonon-paramagnon seen in Ref. 35 corresponds in position. The Raman data resolve the P 1,2 peaks at this position, but they disappear at T N and we could not then associate them to this phononparamagnon excitation. The phonon-paramagnon is clearly visible at high temperatures in the FIR range that have not been explored in our THz study.
(2) they could be associated to a two-magnons excitation with twice the energy of the zone edge (around 16 cm −1 ). However, there is no branch around 16 cm −1 at the zone edges according to our spin wave calculations.
(3) they might be associated to the anti-crossing between acoustic phonon and magnon dispersion curves. Such anti-crossing has been already observed by neutron scattering around 40 cm −1 and 60 cm −1 for the lower and upper branches at the scattering vector q 0 ≈ 0.185a * along the c-axis below the Néel temperature. These values are not in total agreement with the energy of peaks P 1 at 30.6 cm −1 and P 2 at 35.4 cm −1 . This discrepancy may come from the fact that the gap is not measured by neutrons and Raman at the same wave-vector and/or that the anti-crossing involves different acoustic phonon and magnon dispersion curves.
More features support this kind of interpretation. The temperature dependence of peaks P 1,2 is reported in Fig.  8 . It is clear that they appear below T N and are then connected to the magnetic order. In Fig. 8 (c) , the energy difference between them is compared to the anticrossing gap value measured by neutron measurements 20 as a function of temperature. Both their values and temperature dependencies are similar. Another argument is given by the Raman selection rules. The P 1/2 peaks appears only in the z(xx)z configuration i.e. along the caxis, the direction of the observed gap in neutron scattering. These evidences support the interpretation of P 1/2 peaks as signatures in Raman spectra of the anti crossing between a magnon and an acoustic phonon branches.
One question remains: how is it possible to observe such a gap by the way of a Raman scattering process? Raman scattering probes all the dispersion curve of an excitation through a two scattering process involving twice this excitation with +q and -q wavevectors. Such a process gives rise to a Raman signal with an intensity proportional to the density of state. A flat region in the dispersion curve and the associated strong density of state give a Raman peak that can be measured. This is the case for the two magnon modes of the Brillouin zone edge. A gap in a phonon dispersion corresponds also to this criteria. However, in a two scattering process, the Raman peaks are observed at twice the energy of the excitation.
To shed some light on the impact of the magnetic structure on the spin excitations, we have investigated the magnetic phase diagram of h-YMnO 3 . The frequencies of the magnetic excitations are reported as a function of the applied magnetic field along the c axis in Fig. 9 (b) . The frequencies of the M 1 excitation is almost constant, whereas M 2 peak increases in frequency. No phase transition is detectable when applying a magnetic field up to 10 T. This is in contrast with other hexagonal manganites h-RMnO 3 (R=Ho, Er, Tm, Yb) where a reordering of the magnetic structure have been observed for different values of the applied magnetic field due to the coupling between the Mn 3+ ions and the magnetic rare earth. h-YMnO 3 (h-ScMnO 3 or h-LuMnO 3 ) has a complete 4f shell and therefore doesn't display an antiphase rotation of the Mn 3+ spins when a magnetic field is applied. Thus in h-YMnO 3 , no magnetic ordering transition is expected with the magnetic field. The P 1/2 excitations are sensitive to the magnetic field: they merge and widen to disappear above 6 T. This confirm that they have a magnetic origin, at least partially. Further characterization is required to understand fully these new excitations. 
IV. CONCLUSION
In summary, the detailed study of the lattice excitations in h-YMnO 3 confirms the strong magneto-elastic coupling in this compound. The pure magnetic excitations observed by Raman and THz spectroscopies are consistant with the neutron calculations and measurements. No evidence for electromagnons has been found in h-YMnO 3 . Two unexpected low frequency excitations have been measured. We compare these excitations with the anti-crossing between a magnon and an acoustic phonon branches. The Raman activation of such excitations needs to be understood but it underlines the strong spin-phonon coupling in this compound.
